With titanium alloy after micro-arc oxidation as substrate, HA/TiO 2 coatings were prepared by electrochemical method. The coatings were characterized by means of SEM and XRD. Variation of pH value of electrode/electrolyte was measured by means of pH microprobe during treatment, and the influences of pH value and deposition time on HA/coatings by this method were investigated. The results show that micro-arc oxidation treatment are helpful to obtain a good adhesion between HA and substrate, and HA crystals are well-distributed on the TiO 2 film surface. The increasing of the pH value of treatment solutions results in higher crystallinity of HA crystals. During the process of deposition, pH value on the surface of the electrode increases at first and then decreases with deposition time, but pH value of electrolyte decreases with the deposition time. pH value has obvious influence on the morphology of HA crystals, and the size of HA crystal increases with the deposition time within certain limits. However, the size of HA crystal is abnormally large if the deposition time is too long.
Introduction
Hydroxyapatite (HA, Ca 10 (PO 4 ) 6 (OH) 2 ) is an important biological ceramic material. Unfortunately, its applications are limited just because of its weakness, such as hydroxyapatite is brittle and its mechanical strength is low. Titanium alloys present excellent corrosion resistance, mechanical performance and biocompatibility. 1, 2) Therefore, investigations to prepare hydroxyapatite on the surface of titanium alloys have became one of the hotspots in biological materials, which take advantage of superior biocompatibility of HA without sacrificing mechanical properties of the titanium alloys.
3) At present, plasma spray, 4) solgel method, electrodeposition 5) and biomimetic method etc have been used to prepare HA coatings, and plasma spraying method is widely used clinically. However, plasma spraying method to prepare HA has many disadvantages, such as: thermal decomposition of HA, HA degradation in body fluids resulted by a low crystallinity, large thermal stress resulted by mismatching of thermal expansion coefficient between HA and substrate. 69) Hydrothermal-electrochemical method is developed on the basis of hydrothermal and electrochemical method. Hydrothermal-electrochemical method has some advantages, such as high crystal growth rate, high current efficiency, nonlinear preparation process and low preparation temperature. It has been widely used to prepare the perovskite-type (ABO 3 ) ceramic films.
10) S. Ban, S. Maruno, A. Harada et al.
1113)
putted forward to deposit HA coating by hydrothermalelectrochemical method, and they found that process conditions have significant effects on structure and morphology of the HA layer. A. Montenero, G. Gnappi, F. Ferrari et al. 14) introduced TiO 2 buffer layer between HA and titanium substrate. In their work, HA layer was prepared by solgel method, and coating bond strength improved significantly.
By the hydrothermal-electrochemical method, HA is formed in an electrolyte containing calcium and phosphorus. It is well known that a certain concentration of calcium and phosphorus ions generate insoluble compounds CaHPO 4 , Ca 3 (PO 4 ) 2 and Ca 10 (PO 4 ) 6 (OH) 2 by interaction, which reduces the concentration of calcium and phosphorus ions in the electrolyte. X. Zhao, L. Yang, Y. Zuo et al. 15) showed that pH value of the electrolyte has an obvious effect on the solubility of the insoluble CaHPO 4 , Ca 3 (PO 4 ) 2 and Ca 10 -(PO 4 ) 6 (OH) 2 compounds. Therefore, pH value may be an important process parameter during the HA preparation by this method. The purpose of this work is to prepare HA/TiO 2 coatings on titanium alloy by hydrothermal-electrochemical method, and to investigate the influence of pH value and deposition time on HA/TiO 2 coatings.
Experiment

HA/TiO 2 coatings preparation
Commercial medical Ti6Al4V plates (sample size: 40 mm © 20 mm © 2 mm) were used in the study. Samples were abraded using SiC sandpaper no. 200, no. 400 and no. 800, then rinsed 30 s using a mixture of hydrofluoric and nitric acids (1 : 3 HF/HNO 3 ), and finally washed with acetone for 10 min in an ultrasonic cleaner. Microarc oxidation (MAO) was performed with a rectangular pulse power supply. Electrolytes were prepared by dissolution of calcium acetate (CA) and sodium dihydrogen phosphate (SDP) in deionized water. The electrolyte cell consisted of a stainless steel container. The frequency of the rectangular pulse used in the MAO was 400 Hz. After MAO, HA/TiO 2 coatings were prepared by hydrothermal-electrochemical treatment. Electrolyte used in this treatment was prepared with 1.67 mM K 2 HPO 4 ·3H 2 O and 2.5 mM CaCl 2 in deionized water. The electrolyte used in was heated in a stainless steel autoclave. The cathode consisted of the pretreated Ti6Al4V plate, and the anode was used a platinum plate. The electrolyte was heated to 120°C and current density was 0.63 mA/cm 2 during treatment. The HA/TiO 2 coatings were formed with various deposition times and pH values which was adjusted using Ammonium hydroxide or hydrochloric acid.
Coatings characterization analysis
HA/TiO 2 coatings morphologies were observed by scanning electron microscopy (SEM: FEI Quatan 450, Japan) equipped with EDAX, which was also used to analyze the composition of MAO films. pH value of electrolytes was accurately measured by pH meter (METTLER TOLEDO-FE20, America). Variation of the pH value was measured by means of pH microprobe. The phases of HA/TiO 2 coatings were analyzed by X-ray diffraction (XRD: D8-Advanced; Bruker, Germany) using Cu K¡ radiation with 4.00°/min scanning speed and 10 to 60°scanning range (2ª).
Results and Discussion
3.1 Structure and interface of the HA/TiO 2 coating Figure 1 shows SEM of the MAO film. Surface and crosssection morphologies are presented by Figs. 1(a) and 1(b), respectively. As presented in Fig. 1(a) , TiO 2 film formed by MAO treatment is porous, and its surface is rough. Many holes in the TiO 2 film were formed by the discharging of Ti anode to electrolyte during MAO treatment. W. Ma, H. Y. Shi et al. 16) reported that the porous structure could enhance the mechanical anchor effect between the implant and bone. EDAX analysis shows that the MAO film contains 17 at% calcium and 11 at% phosphorus. The ratio of Ca/P in this MAO film is 1.55, which is close to that of the bone tissue.
SEM of the HA/TiO 2 are presented in Fig. 2 . It can be found that many HA crystals have formed in TiO 2 film holes, as presented in Fig. 2(a) . The HA crystals formed in TiO 2 film hole are expected to improve the adhesion between HA and TiO 2 film by anchor effect, which will be investigated further. SEM of the HA formed on the TiO 2 film surface is presented in Fig. 2(b) . As Fig. 2 presented, the interface between HA crystals and TiO 2 film is clean, and no other deposition can be found. In other words, the interface between HA crystals and TiO 2 film is also helpful to obtain a good adhesion between HA and TiO 2 .
3.2 Variation of pH value in hydrothermal-electrochemical process Because the pH probe material used in this work is iridium oxide, which has a very high sensitivity in a wide temperature range, 17) variation of pH value of the electrode/electrolyte during the hydrothermal-electrochemical process was measured by this device designed by J. M. Zhang, C. C. Yang, Q. Z. Shi et al. 18, 19) Variations of the electrode/electrolyte pH values with deposition time are presented in Fig. 3 . As presented in Fig. 3 , the pH value on the surface of electrode increases rapidly in the early deposition stage which increases to 9.6 at 7 min, but it decreases gradually after 8 min. However, the pH value of electrolyte decreases with the increase in deposition time. Cathodic hydrogen reaction (as shown in eq. (1)) is considered to result in the increase of the pH value on the electrode surface. pH value of the electrode surface and that in the electrolyte decrease with the deposition time, which is suggested to be resulted by the consumption of hydroxide in HA formation.
3.3 Effects of pH on the phases of HA/TiO 2 coating Figure 4 shows XRD patterns of the coatings deposited with various pH values. As presented in Fig. 4 , the three diffraction peaks with 31.74, 32.18 and 32.87°diffraction angles, which are corresponding to HA, becomes sharper with pH value increase. According to Scherrer's theory, narrowing of XRD patterns of a phase means the increase in crystallization degree of the phase in this case. 20) When the pH value is 2, the three characteristic peaks of HA are weaker and the peak shape is wider which shows that crystallinity degree of HA is lower. When pH is lower than 5, the diffraction peak of HA crystal face (111) does not appear. And the diffraction peak of HA crystal face (111) is stronger when pH is higher than 5. Diffraction peak of HA crystal face (202) also increases gradually with pH value increase. The above results indicate that the crystallinity degree of HA improves gradually. Diffraction peak of HA crystal face (002) increases gradually and diffraction peak of HA crystal face (300) decreases gradually with pH value increase, which shows that the increase of the pH value contributes to HA crystals grow along crystal face (002) but not crystal face (300). Figure 4 shows that three are phases, i.e., DCPD, OCP and HA in the coating and no TCP phase is measured. When the pH value is 2, the formed HA crystals are disordered arrangement on the coatings and its tops present acicular shape, as shown in Fig. 5(a) . With the pH value increase the length and the diameter of the HA crystals increase gradually. On the other hand, the HA crystals tend to be hexagonal shape and its surface is smooth, as shown in Fig. 5(c) . However, the size of this HA crystals decreases if the pH value is too large (pH = 11), as shown in Fig. 5(d) . This phenomenon may be resulted by a homogeneous nucleation of deposition in the solution because of the high pH value, which reduces the concentration of calcium and phosphorus ions of the electrolyte. Calcium and phosphorus ions in the electrolyte generate insoluble deposition under a higher pH value condition, and the relationship between the deposition and the pH value can be illustrated schematically by Fig. 6 . So the insoluble compound formed by homogeneous nucleation in electrolyte under the high pH value condition reduces the amount of calcium and phosphorus ions for HA formation.
The HA formation during this hydrothermal-electrochemical process can be represented as a chemical reaction in eq. (2) . As presented in eq. (2), OH ¹ ions contribute to HA crystal precipitation. Under this experimental condition, HA supersaturation accounts for the influence of pH on the formation of hydroxyapatite, as shown in eq. (3). The HA supersaturation (S) increases with the pH value increase, which results in HA crystal precipitation.
2 ðHAÞ ð2Þ
In the eq. (3), solubility product (K s ) is obtained by Elliot, 21) which is a function of temperature, as shown in eq. (4). In this equation ¡ is the ion activity. In equation, K S is the solubility product, T is the absolute temperature.
3.5 Influence of deposition time on the morphology of HA/TiO 2 coatings SEM of the HA/TiO 2 coatings formed at different deposition times are presented in Fig. 7 . As presented in Figs. 7(a)7(c) , the size of HA crystals increases obviously with the deposition time increase. However, the size of HA crystals is abnormally large if the deposition time is too long, as shown in Fig. 7(d) .
It is well understood that the final morphology of HA crystal is depended on the relative growth rate of its each crystal plane. Based on Fig. 7 , it is suggested that the growth rate of each crystal plane of HA is different at different deposition times. Within a certain time range, the HA crystals growth rate along the c-axis is greater than growth rate along a-axis and b-axis, and HA crystals tend to be a slim and acicular column. With the deposition time increase, the HA crystals growth rate along the c-axis is similar to that along a-axis and b-axis, and HA crystals tend to be a coarse column shape with a plane surface on its top.
Conclusions
In this work, HA/TiO 2 coatings were prepared on Ti6Al 4V substrate by the hydrothermal-electrochemical method and the influences of the pH value and deposition time on the HA/TiO 2 coatings was studied. It is found that the pH value on the electrode surface in the HA deposition process increases at first and then decreases with the increase in deposition time. But the pH value of electrolyte decreases throughout the deposition process. The pH value on the electrode surface has a maximum value during deposition process, and it is suggested that this phenomenon may be resulted from a cathodic hydrogen reaction. Due to continuous HA crystal precipitation on the electrode surface, the pH values both on the electrode surface and in electrolyte decrease with the deposition time increase. The results also show that the pH value has significant effects on the morphology of HA crystals by this means. The size of HA crystals increases with the pH value increase, but the size of HA crystals decreases when the pH value is 11. Within a certain time range, the HA crystal growth rate along the caxis is greater than that along a-axis and b-axis. Acicular HA crystals are obtained with a shorter deposition time, but coarse HA crystals are formed with a longer deposition time. 
